Residual and physiological functional strains in soft tissues are known to play an important role in modulating organ stress distributions. Yet, no known comprehensive information on residual strains exist, or non-invasive techniques to quantify in-vivo deformations for the aortic valve (AV) leaflets. Herein we present a completely non-invasive approach for determining heterogeneous strains -both functional and residual -in semilunar valves and apply it to normal human AV leaflets. Transesophageal 3D echocardiographic (3DE) images of the AV were acquired from open-heart transplant patients, with each AV leaflet excised after heart explant and then imaged in a flattened configuration ex-vivo. Using an established spline parameterization of both 3DE segmentations and digitized ex-vivo images (Aggarwal et al., 2014) , surface strains were calculated for deformation between the ex-vivo and three in-vivo
Introduction
In biosolid mechanics, the presence of tissue stress levels that maintain high level of uniformity without stress concentrations has long been considered closely related to maintenance of tissue homeostasis, with deviations from the homeostatic state seen as a secondary feature to various pathologies (Chuong and Fung, 1986a, b; Fung, 1991) . Thus, changes in the associated tissue deformation patterns from those normally experienced due to various pathologies in-vivo may lead to altered cellular responses and tissue remodeling linked with efforts to restore pre-existing normal stress states. Moreover, critical linkages to the underlying valve interstitial cell mechanobiological responses (Sacks et al., 2009 ) require a detailed knowledge of the relation between tissue and cellular deformation (Lee et al., 2015) , which is only possible when the in-vivo strain and stress states are accurately known. Thus, the knowledge of accurate residual strains in heart valves is critical to elucidating their function.
Yet, the level and functional role of residual strains in heart valves remains an open issue, and poses questions such as whether the native valve leaflets are pre-strained in their native environment and how this evolves during growth and disease. Interestingly, if pre-strains exists then none of the configurations of the heart valve is stress-free in-vivo, necessitating excision of leaflets for identification of true stress-free state.
Moreover, accounting for these residual strains has been shown to be extremely important in in-vivo stress estimations, as it leads to order of magnitude differences in the estimated valve tissue stiffness . While it is anticipated that some level of residual strains exists in all heart valves, this has not been verified or quantified other than for the mitral valve (MV) (Amini et al., 2012) . In that study, physical markers were used, limiting its clinical applicability, as well as restricting the calculated strains to a subregion of the leaflet. Thus, the need for valve excision and physical markers in determination of residual strains has rendered it challenging to perform such studies in healthy human subjects. While residual strains are known to exist within the aortic valve (AV) layers (Stella and Sacks, 2007; Vesely et al., 1993; Vesely and Noseworthy, 1992) , it is yet to be determined if residual strain exist in the AV tissues in the in-vivo state.
Clearly, it is necessary to quantify both in-vivo and excised states in order to determine heart valve residual and functional strain fields. Alternative approaches have been developed that partly allow determination of the unloaded configurations in vascular structures using inverse approaches (Lu et al., 2007; Rajagopal et al., 2007) . However, these are restricted to removing stresses induced by external loads and cannot determine the residual strains caused by incompatibilities in structural components or displacement boundary conditions. Others have proposed novel elasticity or constitutive frameworks for residually stressed structures (Gower et al., 2015; Johnson and Hoger, 1995; Lu, 2012) . However, these are difficult to implement for non-linear and anisotropic material behavior in anatomical structures. Recent efforts have made progress towards in-vivo analysis of heart valves (Krishnamurthy et al., 2008; Lee and Sacks, 2014; . However, most of these methods employed some physical markers to obtain the strain field limiting their clinical usability. There are no suitable methods for determining the invivo strains experienced by heart valves in a non-invasive manner.
In this work, we present a technique for determining in-vivo heterogeneous surface strains for semilunar valve leaflets without the need of physical markers, and apply it to healthy human AV. We used latest transesophageal 3D echocardiographic (3DE) imaging technology and segmentation algorithm for determining the in-vivo AV geometry. Utilizing data from heart transplant patients with healthy AV, we excised the leaflets and imaged them ex-vivo. Applying our novel marker-less technique to both 3DE segmentations and digitized ex-vivo images, we calculated the deformation of the valve leaflets between the in-vivo and ex-vivo states, using the following three in-vivo configurations: open, just-coapted and fullyloaded. This allowed us to quantify the resulting heterogeneous deformations over the entire leaflet during cardiac cycle and relate them to the local fiber architecture.
Methods
The complete analysis started by selecting patients who underwent ultrasound immediately before their heart transplant. The AV leaflets were excised from the transplanted hearts, followed by analysis of invivo and ex-vivo images of those leaflets (Fig. 1) . In-vivo analysis constituted image segmentation and processing, and ex-vivo analysis produced shape and fiber structure of excised flattened leaflets. For each image, both in-vivo and ex-vivo, a spline surface representation was obtained and using the spline parameterization strains were calculated between various valve states.
Patient selection
Patients were included in the study after University of Pennsylvania Institutional Review Board approval and obtaining informed consent. All of the patients had trileaflet AV that were classified as minimally calcified based on echocardiography and direct observation (Table 1) . Data was utilized from only those heart transplant patients that produced adequate echocardiography image quality. In addition, patients with prior AV surgery, history of endocarditis, rheumatic fever, congenital heart defects, and chronic inflammatory disease were excluded.
Image acquisition
Transesophageal 3D echocardiographic (3DE) images of the AV were acquired from each heart transplant patient. The images were obtained with the iE33 platform (Philips Medical Systems, Andover, MA) using a 2 to 7 MHz matrix-array transducer. For each subject, 3DE images were selected at three time points in the cardiac cycle: the just-coapted state (zero transvalvular pressure), the fully-loaded state (maximum transvalvular pressure), and the open state (at mid-systole). These images were exported in Cartesian format with an approximate size of 224 x 208 x 208 voxels and nearly isotropic resolution of 0.4 to 0.8 mm.
Specimen collection
AV leaflets were excised after explantation of the heart, with leaflets in the right, left, and noncoronary sinus positions randomly selected from each patient. Excised leaflets were labeled with the sinus position and placed in 1x phosphate buffered saline (Sigma-Aldrich, St. Louis, MO). The leaflets were transferred overnight (in less than 24 hours) on ice to the University of Texas Austin.
Ex-vivo determination of fiber orientation and shape and size of explanted leaflets
After receiving the leaflets, the samples were laid flat and fixed with 0.5% aqueous glutaraldehyde for 4 hours. In total, all samples were tested within 29 hours of the explant. Two-dimensional images were taken of the flattened leaflets, and then prepared for collagen fiber architecture (CFA) measurements using small angle light scattering technique (Sacks et al., 2004; Sacks et al., 1997) to obtain the preferred fiber directions f N . This state of AV leaflet in rest of the analysis is termed as the ex-vivo state, signifying the configuration once the leaflets have been excised.
Image analysis

3DE image segmentation
For each subject, segmentation of the AV apparatus was performed firstly in the open state (systole) using a multi-atlas segmentation and deformable modeling technique described in Pouch et al. (2015b) .
Although different cusps were excised from each heart, segmentation of the entire AV apparatus was performed for all subjects. The segmentations included five labels as described in Nomenclature ( Table 2 ).
The process of segmenting a 3DE image of the open AV is summarized as follows ( Fig. 2a) :
 Manual landmarking: Five landmarks were manually identified in the 3DE image of the AV (Table 2) .
These landmarks ensured accurate initialization of multi-atlas segmentation.
 Multi-atlas segmentation: The 3DE image was segmented using multi-atlas label fusion, a technique that assigns anatomical labels to each voxel in the 3DE image by combining information from a set of manually traced 3DE images (Hongzhi et al., 2013) . In this work, the atlas set consisted of fifteen 3DE images of normal adult AV at systole that had been manually traced in ITK-SNAP (Yushkevich et al., 2006b ).
 Deformable modeling:
A model of the open AV, which in turn was based on 3DE data of patients not included in this study, was deformed to capture the geometry of the aortic leaflet surfaces in the multi-atlas segmentation result (Pouch et al., 2015c ). The deformable model used here was a continuous medial axis representation (Yushkevich et al., 2006a) , which enabled the extraction of a medial surface of each aortic cusp (i.e. a surface between the ventricular and aortic surfaces). Once obtained, a triangulated medial surface of each leaflet was generated.
In order to generate segmentations of the AV at the just-coapted state, diffeomorphic registration (Avants et al., 2008) was used to determine a transformation that maps the 3DE image of the open AV to the 3DE image of the just-coapted valve within the same image series. The resulting deformation fields were used to transform the segmentation of the open valve to the just-coapted state. Likewise, the just-coapted segmentation was transformed to the fully-loaded state using deformable image registration. Finally, a deformable template was fitted to the just-coapted and fully-loaded segmentation results, and triangulated meshes of the medial surfaces of the cusps were extracted from the fitted models, comprised of roughly 30 nodes and 40 triangles. In this work, two templates were used: an open template for the unloaded AV and a closed template for the just-coapted and fully loaded AV. The rationale for using separate templates is that leaflet geometry is more accurately captured when a template in the same state as the target segmentation is used.
Digitization of ex-vivo 2D images
In 2D images of leaflets, the background produces an isotropic scattering pattern. This property was used to differentiate the tissue area from the background and digitize it. The tissue points were converted to a mesh of square elements -each square represented the point of measurement and contained fiber direction. Leaflet edges were extracted based on node connectivity using Paraview (Squillacote).
Analysis of 2D and 3D images
In order to find the mapping between various leaflet configurations obtained from segmentation/digitization and, in turn, evaluate the corresponding strains, the leaflet shapes were parameterized using a common set of coordinates via 2D splines. A spline fitting technique previously developed (Aggarwal et al., 2014 ) was used to obtain parameterized coordinates for all points in a given leaflet configuration (Fig. 2b) . The segmented/digitized surface was defined using n points
where (i=1…n) and these points together constituted a two-dimensional surface M in the three dimensional space.
The parameter space for a 2D spline surface was
, so that fitting a spline surface to the leaflet provided us with a mapping 
Calculation of strain
Given two configurations of a leaflet and then the associated strains. However, we note that there were small errors associated with these mappings, which might amplify while calculating the strains because of the derivatives involved. Therefore, we used a finite number of points have the same parametric coordinates j u , they represented approximately the same material points in the leaflet. Based on our previous study (Aggarwal et al., 2014) , we used these p points and their triangulation to calculate strains. Using linear shape functions for triangular finite elements, we calculated the deformation gradient tensor b a F from state a to b, at the centroid of each triangle (for details of deformation gradient calculation, see Appendix A.2). In the calculations that follow, we used number of points p=14, which included 2 commissure points, 3 on the free edge, 5 on the basal attachment and 4 on the interior of leaflet surface (Fig. 2c) . These points, which we treated as "virtual markers", were placed symmetrically over the leaflet. Using 14 points, we obtained 16 triangular elements; since linear shape function gives constant strain, we calculated 16 deformation gradient tensors for each mapping (Fig.   2c ).
The stretch vectors were calculated using eigenvalue decomposition of Cauchy-Green tensor  T C F F . Since we are only concerned with planar strains, the eigenvectors directed along the triangle normal in configuration a was ignored. The square root of the other two eigenvalues provided the two principal stretches  1 and  2 . In the direction with unit vector N , stretch ratio was calculated using
. Since fibers in AV are predominantly aligned along the circumferential direction, the stretches were calculated along and perpendicular to the fibers using circumferential and radial directions respectively.
The average stretch over all the samples was mapped and represented on the average AV leaflet shape calculated previously (Aggarwal et al., 2014) . Given two directions 
Statistical analysis
In order to improve the statistical sampling, results from all three AV leaflet types -left coronary, right coronary, and non-coronary -were pooled (Table 3) . For the overall geometrical measurements, such as the total leaflet area and lengths of the free edge and basal attachment, the results were averaged.
Furthermore, for regional analysis, the leaflets were assumed to follow symmetric deformation patterns, which doubled the sample sizes. The variations in all calculated variables were represented using standard deviation (SD) and standard error of mean (SEM). Welch's t-test was performed to establish significance of changes in overall leaflet kinematics from one state to another. For establishing significance of regional differences in strain measures, paired t-test was performed to obtain a p value for each pair of regions.
Results
Leaflet reconstructions, areal and dimensional metrics.
As in our previous studies (Aggarwal et al., 2013; Aggarwal et al., 2014) , the 3DE segmentation and spline representations provided an excellent fit to the raw leaflet data (Figs. 3, 4) . Mean errors using the surface normal error were 0.2 mm, very similar to our previous study using in-vitro data (Aggarwal et al., 2014) . From the reconstructions, we firstly determined the average leaflet areas and the free edge and basal attachment lengths. Results indicated that total leaflet areas increased monotonically from ex-vivo to the fully-loaded state ( Fig. 5 -a, Table 4 ). Proportional changes in area indicated a nearly 30% increase from the ex-vivo to open state, indicating substantial pre-strain of the leaflet tissue ( Fig. 5-b ). This also manifested in the proportional changes between fully loaded/open (~27% increase) vs. fully loaded/ex-vivo (~64% increase) (Fig. 5-b) . In contrast, the length of the basal attachment remained nearly constant at ~42 mm, whereas the free edge increased from ~25 mm ex-vivo to ~30 mm in-vivo (Fig. 5c ).
After sub-dividing the leaflet half into eight triangular regions, the local area changes varied markedly both over the leaflet (Fig. 6) . Interestingly, the average area change was positive everywhere, however it was highest near the commissure. For the ex-vivo to in-vivo closed state, the leaflet area, on an average, expanded in the range of 30-100%. When referenced to the open state, this range was reduced to 5-65%.
There was some variation across samples, which was slightly higher near the commissure and for the exvivo to in-vivo deformation. Collectively, these results suggest a substantial regional variation and pre-strain of the AV leaflet.
Stretch ratios
The principal stretches for all the mappings were approximately aligned with the circumferential and radial directions, with higher stretches acting radially (Fig. 7) . For the ex-vivo to in-vivo open state, the leaflet experienced high stretches in the radial direction, with the circumferential stretch close to one. In contrast, the radial stretch varied widely in regions. There was no radial stretch in the basal area, while other areas experienced a significantly different stretch of 25-50% (Table 5) . Comparing different areas, the variation was relatively higher near the commissure. Whereas, comparing deformation between various states, the variation was highest for the ex-vivo to in-vivo deformation. For the just-coapted to fully-loaded deformation, the circumferential stretch was close to one over most of the leaflet, except near the commissure and basal region. In those two regions, the leaflet stretched by 15% in the fiber preferred direction. For the leaflet deformation from open to just-coapted state, the maximum stretch was in 1.3-1.7 range (Fig. 7) and the circumferential principal stretch varied much less and was within the 0.8-1 range, representing local contraction. The stretch ratio along the circumferential direction was slightly higher than one, except near the commissure where it was approximately 1.3-1.5. Regional cumulative deformations from ex-vivo to fullyloaded state showed similar trends, where the principal stretches were aligned with the circumferential and radial directions (Fig. 8) . The average stretch in the circumferential direction was close to one for all regions, whereas the radial direction experienced an approximately 50% stretch. The deformation from open to closed state showed different pattern (Fig. 9) . The circumferential stretch was close to one for all regions except near the commissure. Whereas, the leaflets stretched by roughly 25-50% in the radial direction with higher values observed in the interior of the leaflet. Furthermore, in the coaptation region, the principal stretches deviated from the radial direction slightly.
Shear angle
For both the just-coapted to fully-loaded and open to just-coapted mappings, the shear was approximately 10-20º at all points except near the commissure where it was higher at nearly 28º. For the ex-vivo to in-vivo open state, the CR shear was also in the range of 10-20º, whereas the maximum shear was much higher reaching more than 40º near the commissure. The variations across samples were similar for all the cases, but slightly higher for the ex-vivo to in-vivo measurement. Even for the cumulative deformations, the shear in the interior of the leaflet along CR direction was in 10-20º range, whereas the maximum shear was in 20-30º range (Fig. 10) . Interestingly, it was lower in the coaptation region for ex-vivo to fully-loaded deformation, and was higher near the commissures for open to closed state deformation.
Discussion
Presence of residual strains in biological structures
In spite of their importance, investigation into the residual strains in heart valves is relatively new (Aggarwal et al., 2013; Amini et al., 2012; . This is partly because of the significant difficulty in obtaining the in-vivo images and segmentation of the leaflet geometry, as well as matching excised leaflets. In the present work, we utilized the latest imaging and segmentation technology and a novel technique to measure strains in AV leaflets that provided a heterogeneous strain field without the need of physical markers. To the best of the authors' knowledge, this was the first attempt to measure residual strains in healthy human AV leaflets. In addition to residual strains, we also calculated the strains experienced in-vivo during valve closure starting with the open state and deforming successively to just-coapted and fully-loaded states. We found that the leaflet area increased by approximately 25% as the valve closed from mid-systole to just-coapted state, even though the valve was not yet supporting any pressure difference. The change in linear dimensions of the leaflets (the free edge and basal attachment lengths) under this deformation was limited to only 3-5%. A heterogeneous analysis revealed that the local area change was highly non-uniform, ranging from almost no change in some parts to more than 50% increase in others. Furthermore, a 20% area increase was associated with the deformation from ex-vivo to
in-vivo open state. Conversely, the AV leaflets shrank by an average of 17% upon excision; however, the change in linear dimensions was much smaller. Interestingly, even though the free edge shrank upon excision, the basal attachment expanded slightly as the residual stress was released. This led to a highly non-uniform strain distribution with some areas experiencing small shear and other experiencing larger one.
For almost all of the cases, the maximum stretch was aligned to the radial direction (Fig. 7) . This was expected as the collagen fibers run predominantly along the circumferential direction. The resulting strains near the commissure were relatively more variable across samples compared to other areas of the leaflet. Since we used boundary to calculate the strains, the commissure region will receive geometric contributions from both free edge and basal attachment. This might lead to a high variability in the commissure strains as observed here and will need a more thorough error analysis of the mapping technique. However, in general the results presented here are in good agreement with previous studies. For example, the radial stretches have been reported to be higher than the circumferential ones in porcine valves (Adamczyk et al., 2000; Weiler et al., 2011) , with values of strains in the same range as our presented results. However, a direct comparison of strain values is not possible. For example, in Weiler et al. (2011) , porcine AV was studied in-vitro without addressing the residual strains, whereas current study is focused on human AV in-vivo. Varied strains observed here in the coaptation region and near the commissure are also consistent with the microstructural variations reported in AV (Aggarwal et al., 2014 ) . Use of normal human samples in this study and their non-invasive in-vivo analysis allows us to make inferences about the functional behavior of the AV.
Functional implications
The presented results provide unique information about residual strains existing in human AV leaflets and the strains experienced during healthy valve closure. During the leaflet deformation from just-coapted to fully-loaded, the area change was minimal and circumferential stretch was close to one over most of the leaflet. This indicates that most of the collagen fibers were already recruited in the just-coapted state, making the circumferential direction highly stiff. Analyzing the cumulative deformations, we observed roughly 50-100% area increase over most of the leaflet with higher strains near the commissures and lower strains in the coaptation zone. These results are consistent as the region near commissures experiences the highest stress concentrations and the coaptation area is where leaflets come in contact. Additionally, the circumferential direction always showed significantly smaller strains compared to the radial one. Collectively, these results indicate that by the time leaflet starts supporting pressure difference, the collagen fibers had already recruited and stiffened resulting in very high stiffness. In our previous study of AV (Stella and Sacks, 2007) , we have found approximately 50% increase in area from unloaded to physiologically stress levels.
This suggests that the residual strains reported in the present study effectively cover the "toe" region of the AV stress-strain behavior (Adamczyk et al., 2000; Doehring et al., 2005; Stella and Sacks, 2007) .
Functionally, this suggests that it is the elastin fibers in the ventricularis layer that produce the leaflet prestress, and that remaining physiological stress-strain behavior is determined by the collagen fiber network.
Moreover, the anisotropic residual strains are likely a result of both the orientations of the collagen and elastin networks and their large rotations, rather than a single fiber population.
Limitations
Accuracy of the entire method is based on the quality of the in-vivo reconstruction and the spline fitting technique. For the former, we note that it has been extensively validated and known to produce accurate results when compared to the manual segmentation (Jassar et al., 2014; Pouch et al., 2015b; Pouch et al., 2013; Witschey et al., 2014) . For the later, we have extensively validated the method against gold-standard in-vitro data with accuracies to 0.2 mm (Aggarwal et al., 2014 ). Yet, even these small errors in spline fitting method limited the extent of heterogeneity we could capture to 16 sub-regions each with a homogeneous strain. For obtaining a continuous strain field, further improvements would be needed in the algorithm to reduce the fitting error. We note too that some "apparent" leaflet shortening may take place because of the flattening of tissue during ex-vivo analysis, whereas it has an intrinsic curvature in-vivo. This effect has been shown to be small, and, therefore, we did not account for it in the present study. Although sufficient for this study, the size of the sample dataset will have to be expanded to establish trends between three leaflet types and analyze the asymmetry of leaflet strains. The 3DE frames chosen to represent the various states had a time resolution of approximately 50 msec and, thus, were not exactly contemporaneous.
Because of the quick opening/closing behavior of the valve, this becomes especially important for the justcoapted state.
Conclusions and future work.
We presented a framework for calculating heterogeneous strains in valve leaflets and applied it to healthy human AV samples. Using advanced 3DE segmentation technology and marker-free method, we calculated the strains AV leaflets experience in-vivo as well as the residual strains related to excision. We observed clear trends in the deformation behavior of AV leaflets, and the strains were found to be heterogeneous and anisotropic. The regional variations in strain and its relationship with the preferred direction of collagen fibers provided important functional insights into AV leaflets' in-vivo behavior. The results also demonstrated a "locking-type" behavior of valve leaflets where they become highly stiff as they start supporting pressure difference, which could be a driving force behind residual strain development. Main strength of the presented framework is the marker-less approach and its capability to describe heterogeneous strains over entire leaflet. These results will form the basis of the critical information needed for accurately modeling and predicting biomechanical properties of the healthy human aortic valve leaflets in a non-invasive manner (Aggarwal and Sacks, 2015a; Aggarwal and Sacks, 2015b) .
In the future, we will apply this framework to pulmonary valve, as well as pathological valves like the bicuspid aortic valve. It will allow us to determine any differences between various healthy and diseased valves. We would also work on improving the spline-based technique and reduce the errors associated such that it can be used to obtain a continuously varying strain field over the leaflet surface. The strains calculated in this study will be combined with the inverse modeling tool we developed previously to obtain more accurate estimate of biomechanical properties of the heart valve leaflets (Aggarwal and Sacks, 2015b) .
A.1 Spline fitting
The methods used here was taken from a previous in-vitro study (Aggarwal et al., 2014) . We start with a two dimensional manifold M embedded in three-dimensional space 3 . The surface initially is defined using n points  3 i x where i=1…n. We want to fit a spline surface to it with parametric coordinates
. Therefore, the problem is to determine the mapping However, there are two problems in the above method. 1) It is hard to obtain a good initial guess. 2)
More importantly, as it is, this method leads to large oscillations at the boundary. Therefore, the problem was solved in two steps.
1. A one dimensional spline curve was fit to the boundary of surface  M which was converted into a two dimensional spline surface 2. Using this spline surface as the initial guess and keeping the boundary control points fixed, it was fit to the surface M Some modifications had to be made so that one can convert a spline curve into a spline surface.
Since we are approximating a semi-lunar shape as a spline surface, we restrict that the 2D spline has degenerate points at the boundary of first parametric coordinate (Fig. 2b) . Accordingly, the 1D spline is a Segmentation A 3D image of labels corresponding to the aortic valve apparatus in a 3DE grayscale image Label A number assigned to each voxel in an image indicating its membership to an anatomical structure. The following labels were used in the aortic valve segmentation: 0 -background, 1 -left coronary cusp, 2 -non-coronary cusp, 3 -right coronary cusp, 4 -sinus segment, 5 -ventricular outflow segment (Fig. 2a ) Landmark An anatomically relevant point in an image. The landmarks used to initialize 3DE image segmentation in this study included the three commissures, the center of the outflow tract at the level of the left ventricular outlet, and the center of the outflow tract at the level of the sinotubular junction Atlas A 3DE grayscale image and its manual segmentation (Pouch et al., 2015a) ). (b) The parameter mapping from spline space to the leaflet surface and "virtual" markers and region definitions for strain calculation. (c) The average leaflet template symmetrically divided into 16 triangular regions. 
